The human SMN2 transgenic mice are well-established models of spinal muscular atrophy (SMA). While the severe type I mouse model has a rapidly progressive condition mimicking type I SMA in humans, the mild type III mice do not faithfully recapitulate chronic SMA variants affecting children. A SMA mouse model that clinically mimics the features of type II and III SMA in human is therefore needed. In this study, we generated intermediately affected SMA mice by delivering low-dose morpholino oligomer (PMO25) into the existing severe SMA mice. We show that a single low-dose administration of PMO25 moderately extended the survival of severe type I SMA mice. The neuromuscular pathology is also modestly but significantly improved in these mice. A second administration of PMO25 at postnatal day 5 (PND5) demonstrated an additive effect on survival. Additional systemic administration of low-dose PMO25 at 2-week intervals suppressed the occurrence of distal necrosis beyond postnatal day 100, and induced more complete phenotypic rescue than a single bolus high-dose injection at PND0. Our study demonstrates that survival of motor neuron (SMN) is required early at a critical threshold to prevent symptoms and suggests that subsequent systemic administration of low-dose PMO25 in SMA mice can provide therapeutic benefit and phenotypic rescue, presumably via peripheral SMN restoration. Our work also provides additional insight into the time window of response to administration of antisense oligonucleotides to SMA mice with an intermediate phenotype. This information is crucial at a time when a number of therapeutic interventions are in clinical trials in SMA patients.
Introduction
Spinal muscular atrophy (SMA) is an autosomal recessive disease which is characterized by progressive trunk and limb muscle paralysis as a result of degeneration of motor neurons in the spinal cord (1) . It is the most common genetic cause of infant mortality and affects approximately 1 in 6000 to 1 in 10 000 live births, with a carrier frequency of 1 in 35-50 in the general population (2) .
The genetic defect in SMA patients is the loss of survival of motor neuron (SMN) protein, caused in 95% of cases by homozygous deletions of the Survival of Motor Neuron 1 (SMN1) gene (3) . The SMN locus is part of a genomic inverted duplication region on human chromosome 5, which contains a paralogue gene, SMN2. SMN2 is intact in all SMA patients. Furthermore SMN2 copy number varies in the general population and in SMA there is an inverse correlation between the number of copies of SMN2 and the severity of the disease (4, 5) . The SMN1 and SMN2 genes differ by several exonic and intronic single nucleotide polymorphisms, although no amino acid substitution is induced by these changes. Among them, a single-nucleotide cytosine to thymidine transition in SMN2 at position 6 of exon 7, that either disrupts an exonic splicing enhancer (6) , or creates an exonic splicing silencer (6, 7) , causes predominant (∼90%) exon 7 skipping which results in an unstable truncated protein (6, 8, 9) . The remaining 10% transcripts can correctly splice exon 7, but this low level fails to fully compensate for the loss of the SMN1 gene.
Significant progress in the development of experimental therapies in SMA has been achieved in recent years. These include viral vector-mediated SMN1 gene therapy (10) (11) (12) (13) , exon 7 splicing-switching antisense oligonucleotides (AOs) (14) (15) (16) (17) and small-molecule drug therapy (18) (19) (20) (21) (22) . Early phase clinical trials of AO therapy have been well tolerated and preliminary data are encouraging (23) . Other strategies, such as small molecules and adenovirus-mediated SMN1 gene therapy, have very recently also entered clinical trials (www.clinicaltrials.org, ID: NCT02240355 and NCT02122952).
The clinical subtypes of SMA range from the most severe type I to intermediate type II, milder type III and adult-onset (type IV) SMA. Transgenic mouse models of SMA carrying the human SMN2 gene have contributed significantly to our understanding of SMA pathogenesis and more importantly in evaluating experimental therapies, such as AOs that augment the splicing of SMN2 gene (14, 17, 24) or small molecule therapy that targets the splicing or transcript regulation of the SMN2 gene (25) . There are several commonly used human SMN2 transgenic SMA mouse models, including a model with the genotype of SMN2 +/+ ; SMNΔ7; Smn −/− , referred to as SMNΔ7 SMA mice (26) , and the model with the genotype of (SMN2) 2 +/− ; Smn −/− , referred to as SMN2 mice or Taiwanese SMA mice (27) . These mouse models show severe phenotypes with multiple organs involved and a short lifespan of approximately 15 or 10 days, respectively. Previous studies also show the existence of an extremely narrow therapeutic time window in the severe transgenic SMA mouse models, with maximal therapeutic benefit achievable only when treatment is received pre-symptomatically (28) . We have previously reported the efficacy of the 25-mer morpholino antisense oligomer PMO25, targeting the intronic splicing silencer (−10, −34) in intron 7 of SMN2 gene, which significantly rescued the severe type I SMA mice when administered at postnatal day 0 (PND0) by a single bolus injection at 40 µg/g. Both intracerebral ventricular (ICV) injection and subcutaneous (SC) injection in neonatal mice increased the life span of the severe SMA mice dramatically, up to 30-fold. This SMN2 transgenic mouse model, which carries only two copies of the human SMN2 gene ((SMN2 (30) , and subsequently showed the value of this model in evaluating a morpholino antisense oligomer targeting the intronic repressor element 1 in intron 6 of the SMN2 gene (31) . An SMN2 mis-splicing AO induced adult-onset SMA model was also reported recently by Krainer's group (32) . These studies highlight the importance and requirement of the alternative SMA mouse models in this field.
In this study, we have generated SMA mice with an intermediate level of clinical severity by using low-dose morpholino antisense oligomer PMO25, administered to neonatal severe SMA mice of the Taiwanese model. Mice receiving a single low-dose PMO25 exhibited a moderately extended lifespan with improved but still defective neuromuscular pathology, with intermediate phenotypes between the severe type I and mild type III SMA mice. By using a combination of different doses and frequency of PMO25 administration we showed that long-term therapeutic benefit was achieved in mice receiving regular systemic administration of low-dose PMO25. These studies provide further insight into the therapeutic regimens of AOs in less severe SMA and will benefit the design of future clinical trials.
Results
Effect of morpholino oligomer PMO25 on the survival of severe SMA mice is dose-dependent
We have previously reported the efficient rescue of severe type I SMA mice by PMO25 (17) . To further investigate the efficacy of PMO25 in SMA mice, we compared different delivery routes and different dosages on the survival of the severe SMA mice. A single dose of 40 µg/g (high-dose) administered at PND0 prolonged median survival to 212 days if given by a single ICV injection and to 261 days by a single SC delivery, compared to the 9.5 days survival of saline-treated SMA mice (Fig. 1A) . A single injection of 20 µg/g at PND0 increased median survival to 43 days by ICV and 58 days by SC delivery (Fig. 1B) . The efficacy was dramatically reduced when the dosage was decreased to 10 µg/g (low-dose), and the median survival was increased to only 22 days by either ICV or SC delivery at PND0 (Fig. 1C) Low-dose treated SMA mice showed intermediate phenotypes between type I and type III SMA mice Mice treated with 10 µg/g of PMO25 at PND0 had a modest increase in lifespan in comparison to untreated type I SMA mice and they remained apparently healthy until PND 14-15 ( Fig. 2A) . However, the body weight declined significantly after PND14-PND17, which is consistent with the onset of the SMA-like symptom in these mice; indeed more than 60% of the low-dose treated SMA mice exhibited hindlimb paralysis starting as early as PND 12 (Fig. 2B) . Additional features observed in these mice were necrotic lesions in the anal region and constipation, symptoms that were also observed in untreated severe mice.
Muscle strength in young mice was measured by their ability to perform the righting reflex (Fig. 2C) . While the untreated type I SMA mice had a significantly delayed righting reflex from PND5 onwards, low-dose PMO25 SC injection at PND0 significantly improved this motor function compared with the untreated type I SMA mice (P < 0.01). The therapeutic effect of low-dose PMO25 SC injection on motor function in these mice was visible until ∼ PND 13, when the motor function started to decline sharply. This was accompanied by the onset of hindlimb paralysis.
Skeletal muscle histopathology was assessed in tibialis anterior (TA) muscles dissected from different types of SMA mice at PND 10. Significant fibre size improvement was observed in the low-dose PMO25 SC treated type I SMA mice compared with untreated type I SMA mice, but the mean fibre diameter was still significantly smaller than that of the type III and heterozygous control mice ( Fig. 2D and E) . The microarchitecture of neuromuscular junctions (NMJs) was also examined in the four different types of SMA mice using antibodies that recognize the nerves and synapses (NF200 and synaptophysin) and the endplate (α-bungarotoxin). Accumulation of neurofilaments was observed not only in the endplates in untreated type I SMA mice but also in the low-dose PMO25 treated SMA mice ( Fig. 2F and G (Fig. 2H) . Full denervation was very occasionally observed in TA muscles in these mice at PND10. There was no significant difference in denervation in all four groups of mice. However, the percentages of fully innervated endplates in untreated type I SMA and low-dose PMO25 treated type I SMA are significantly lower than in the mild SMA-III and heterozygous control due to the higher percentage of partial innervation (Fig. 2I) . The effect of systemic administration of the single lowdose PMO25 on the splicing of SMN2 exon 7 in the spinal cord was measured by quantitative real-time PCR. Ten days after the PND0 injection, a significant 1.6-fold increase of exon 7 inclusion was detected in the single 10 µg/g PMO25 treated SMA mice, compared to the untreated mice. The SMA mice that received a single 40 µg/g high dose PMO25 showed a 2.5-fold increase in exon 7 inclusion (Fig. 2J) . At the protein level, a slight but significant increase of SMN protein was measured in the single low-dose treated mice compared with the untreated mice ( Fig. 2K and L) .
Given the fact that a 10 µg/g single SC administration of PMO25 at PND0 can moderately improve the survival and pathology of the severe type I SMA mice, we then performed additional experiments in these low-dose PMO25 treated SMA mice which displayed a chronic intermediate SMA phenotype and allowed us to further assess the time window of therapeutic intervention.
Assessment of the therapeutic window in low-dose PMO25 generated intermediate SMA mice
The severe SMA mice treated with 10 µg/g PMO25 at PND0 were given a second dose of 10 µg/g at PND5, by SC or ICV injection. We found that the second administration of 10 µg/g PMO25 by SC injection significantly increased the median survival from 22 to 92.5 days (P = 0.0072) in comparison to a single dose lowdose treatment. The median survival of mice that received the second administration by ICV injection was also increased but only to 43 days (P = 0.098) (Fig. 3A) .
We then investigated the effect of an additional PMO25 SC administration at different postnatal days, to evaluate its therapeutic efficacy. The severe SMA mice which had received 10 µg/g at PND0, received a second administration of 10 µg/g PMO25 at PND7, PND10 or PND12. The median survival in these groups of animals was extended to 78 days, 27 days and 24 days, respectively (Fig. 3B) .
We also tested the effect of high dose 40 µg/g PMO25, in addition to the 10 µg/g low dose, on the survival of the SMA mice with chronic intermediate SMA phenotype. The administration of 40 µg/g PMO25 given at PND8 by SC injection (in mice which had already received 10 µg/g PMO25 at PND0) dramatically increased the survival of the mice, with all the three treated mice living longer than 150 days (n = 3). The mice that received the second administration of 40 µg/g at PND8 by ICV injection, however, had a slightly shorter median survival, with only one mouse living beyond 150 days and the other two dying at 60 and 74 days, respectively (Fig. 3C ). Mice treated with 40 µg/g high-dose PMO25 by SC injection at PND12, followed the first 10 µg/g PMO25 SC injection at PND0, had a median survival of over 150 days, with two mice still alive at 150 days and only one mouse that died at 94 days of age. Finally, the administration of 40 µg/g PMO25 at PND15 resulted in a median survival of only 42 days (Fig. 3D ).
Improved phenotypic rescue following regular low-dose PMO25 systemic treatment
To assess the effects of chronic systemic administration of lowdose PMO25 on phenotype and survival, 10 µg/g PMO25 was delivered subcutaneously at 2-week intervals, starting from PND5, to the SMA mice originally treated with 10 µg/g at PND0. Three out of four treated SMA mice survived over 150 days (Fig. 3E) , compared with 92.5 days median survival of SMA mice that received 10 µg/g PMO25 twice, at PND0 and PND5 respectively, and 22 days median survival of SMA mice that received a single 10 µg/g PMO25 only at PND0.
We have previously reported that type I SMA mice receiving a single 40 µg/g PMO25 developed ear and tail necrosis at around PND 50 (17) . In this study, the mice that received regular 10 µg/g PMO25 at two-weekly intervals showed no sign of ear and tail necrosis during the low-dose treatment phase (Fig. 3F ).
Repeated 10 μg/g PMO25 injections improve the neuromuscular pathology as efficiently as a single 40 μg/g treatment At PND 10, a significant fibre size increase in TA skeletal muscle was detected in repeated 10 μg/g low-dose PMO25 treated SMA mice (20.91 ± 0.4423, n = 5; P < 0.01) compared with the single Infrared Imaging System application software. *P < 0.05; **P < 0.01; ***P < 0.001. 10 μg/g treated SMA mice (18.17 ± 0.5118, n = 5; P < 0.0001). There was no difference in fibre diameter between the repeated 10 μg/g PMO25 treated mice and single 40 μg/g PMO25 treated mice (22.13 ± 0.9525, n = 5) at PND10, although the muscle fibres in these mice were smaller than those in the unaffected heterozygous littermate controls (26.15 ± 1.002, n = 5; P < 0.05) (Fig. 4A-C) . The histograms of fibre diameter in the repeated 10 μg/g and single 40 μg/g treated SMA mice are shifted from smaller to larger fibres, compared to the mice receiving a single 10 μg/g dose only, indicating the myofibre sizes increase after treatment (Fig. 4B) .
The myofibre diameter in TA muscle was also measured at PND 20. There was a significant increase in myofibre size in mice that received repeated 10 μg/g PMO25 (29.11 ± 0.67, n = 5), compared with mice that only received a single 10 μg/g PMO25 (20.23 ± 0.74, n = 5; P < 0.001) (Fig. 4D-F) . The fibre size of the mice that received a repeated 10 μg/g PMO25 treatment is comparable to mice that have received a single 40 μg/g PMO25 (31.13 ± 0.98, n = 5), although both are smaller than that of the unaffected heterozygous controls (35.51 ± 0.62, n = 5; P < 0.01). The histogram of fibre diameter in SMA mice which received the two repeated 10 μg/g injections is shifted to larger diameter fibres, compared with the mice which only received a single dose of 10 μg/g PMO25, indicating that the myofibre size is increased in the former group (Fig. 4E) .
The administration of a second dose of 10 μg/g PMO25 by SC injection at PND5 completely rescued the righting reflex in the SMA mice until PND20, comparable to mice that received a 40 μg/g PMO25 treatment at PND0 (Fig. 5A) . To assess the effect of repeated 10 μg/g low-doses PMO25 on the development of NMJs, we examined the morphology of endplates and the innervation of NMJs in TA muscles collected at PND10. No significant neurofilaments accumulation was observed in SMA mice that received the two repeated 10 μg/g or single 40 μg/g doses (Fig. 5B) . The endplate size was significantly increased in the repeated 10 μg/g treated SMA mice (116.2 ± 4.334, n = 5) compared with the single 10 μg/g treated mice (102.6 ± 1.394, n = 5; P = 0.0176). There was no difference in endplate size between mice that received repeated 10 μg/g and a single 40 μg/g treatment (128.3 ± 7.567, n = 5), although they were still smaller in both groups compared with the unaffected heterozygous controls (172.3 ± 9.010, n = 5; P < 0.001) (Fig. 5C ). The percentage of fully innervated endplates was significantly increased in severe SMA mice that received either repeated 10 μg/g or a single 40 μg/g PMO25, compared with the single 10 μg/g treated mice (Fig. 5D) .
The microarchitecture of NMJs in the splenius capitis muscle was also examined. There was a significant increase in endplate size in single 10 μg/g treated mice (101.0 ± 2.221, n = 5) compared with untreated SMA mice (82.55 ± 0.922, n = 5; P < 0.001). In addition, mice treated by two repeated 10 μg/g administrations (117.7 ± 1.542, n = 5) had increased endplate size compared with single 10 μg/g treated mice (P < 0.001) (Fig. 5C ). The two repeated 10 μg/g treated mice had a similar endplate size to the single 40 μg/g treated mice (129.0 ± 5.123, n = 5), although they were still smaller than endplates in unaffected heterozygous controls (169.3 ± 12.38, n = 5; P < 0.001). Full innervation of NMJs was also significantly improved in SMA mice that received either repeated 10 μg/g or single 40 μg/g PMO25, compared with the single 10 μg/g treated SMA mice (P < 0.05) (Fig. 5D) .
We further examined the NMJs at PND20 in single and repeated 10 μg/g dose treated SMA mice. The morphology of endplates at PND0 becomes more complex than at PND10, including increased length and branching of the postsynaptic membrane with enlargement of the postsynaptic area. Nevertheless, in single 10 μg/g PMO25 treated SMA mice, NMJs showed poor maturation with little branching of the postsynaptic membrane (Fig. 5E ). The endplate size was also significantly reduced in single 10 μg/g PMO25 treated SMA mice compared with those that received two repeated 10 μg/g PMO25 and unaffected heterozygous capitis and pectoralis muscles in SMA mice that received a single 10 µg/g PMO25 (single 10 µg/g, n = 5), two repeated 10 µg/g PMO25 (repeated 10 µg/g, n = 5) and the unaffected heterozygous littermate controls (Het control, n = 5). **P < 0.01; ***P < 0.001. (G) Quantification of NMJ innervation at PND20 in skeletal muscle samples from SMA mice that had received the different treatments described above. *P < 0.05. littermate controls, in all the four muscle groups examined (distal TA muscle, proximal forelimb biceps brachii and axial skeletal muscle splenius capitis and pectoralis) (Fig. 5F ). The percentage of fully innervated NMJs in all four skeletal muscles in the single 10 μg/g PMO25 treated SMA mice was significantly lower than that in heterozygous controls. It was corrected to nearly normal level after the repeated 10 μg/g PMO25 treatment. NMJ innervation in another hindlimb muscle, the quadriceps, was also examined and showed the same pattern as the other muscles examined. There was no significant difference in NMJ innervation in all five skeletal muscles examined in this study (Fig. 5G) .
The effect of low-dose PMO on motor neurons and preservation of proprioceptive synapses At PND10, the motor neuron numbers in single 10 μg/g PMO25 treated SMA mice did not differ from the heterozygous controls in either cervical or lumbar spinal cord (one-way ANOVA followed by post t-test, P > 0.05) (Fig. 6A and B) . vGLUT1 is a marker of synaptic vesicles in primary afferent terminals and has been used to assess the integrity of the synapse of proprioceptive sensory neurons in SMA mice (30, 33) . Reduction of proprioceptive synapses on the lumbar motor neurons has been reported previously in SMNΔ7 mice (34) . At PND10, there was no difference in the number of vGLUT1-positive synapses on choline acetyltransferase (ChAT)-positive motor neurons in the cervical spinal cord sections between the single 10 μg/g PMO25 treated SMA mice and heterozygous controls (Student's t-test, P > 0.05). In lumbar spinal cord sections, the average number of vGLUT1-positive synapses was slightly decreased in the single 10 μg/g PMO25 treated SMA mice than in heterozygous controls, but did not reach statistical significance (Student's t-test, P > 0.05) (Fig. 6C and D) .
The effects of different therapeutic regimens on lumbar spinal cord motor neurons were further studied in PND20 mice that received either a single 10 μg/g at PND0 (PND0-SC), or repeated 10 μg/g at PND0 and PND5, and compared with mice from unaffected heterozygous littermate controls. We have already shown that, following the 10 μg/g PMO25 at PND0, the second 10 μg/g delivered at PND5 is more efficacious by SC (median survival 92.5 days) than by ICV injection (median survival 43 days) (Fig. 3A) . To further investigate the potential mechanism leading to this different survival time, we studied the number of motor neurons and proprioceptive synapses at the lumbar spinal cord of SMA mice that received 10 µg/g injection at PND0, with no second treatment (PND0-SC), or with the second 10 μg/g PMO25 at PND5 via SC injection (PND0-SC + PND5-SC) or ICV injection (PND0-SC + PND5-ICV). Lumbar spinal cord sections from unaffected heterozygous littermates were used as controls. There were no significant differences in the number of motor neurons among the four groups (One-way ANOVA, P > 0.05). There was no difference in the number of lumbar spine motor neurons between mice that had received the second 10 μg/g injection at PND5 by either SC or ICV delivery ( Fig. 6E and F) .
Interestingly, the number of vGLUT1-positive synapses on ChAT-positive motor neurons showed significant differences between the four groups of mice at PND20 (one-way ANOVA followed by post t-test, P < 0.05). Post t-test showed significant more vGLUT1 synapses on ChAT-positive motor neurons in unaffected heterozygous littermate control (P < 0.01) and SMA mice that received two repeated 10 μg/g PMO25 at PND0 (SC) and PND5 (ICV, P < 0.05 or SC, P < 0.01) injections, than those that only received a single 10 μg/g injection at PND0. Furthermore, the number of vGLUT1 synapses in mice that received the second 10 μg/g PMO25 treatment at PND5 was significantly higher in mice treated by SC than by ICV injection (P < 0.05) (Fig. 6G) . This suggests that administration of PMO25 systemically rather than by ICV delivery is more effective in preserving the production of proprioceptive synapses and may contribute to the improved survival.
Discussion
SMA animal models, including mouse models with different phenotypic severity and the recently developed pig model (35) , are of great value not only in investigating the pathophysiology of the disease but also as in vivo models to evaluate potential therapeutic strategies. There are two commonly used human SMN2 transgenic mouse models, the SMNΔ7 model (26) and the SMN2 Taiwanese mouse model (27) , both characterized by fatal SMA-like phenotypes and short lifespans of only 10 or 15 days, respectively. While the severe type I SMA mice from the SMN2 Taiwanese mouse model (TJL005058) have a rapidly progressive condition mimicking type I SMA in infants, the mild type III mice from the same mouse strain do not faithfully recapitulate the chronic SMA variants affecting children. Therefore, mice with intermediate SMA-like phenotypes that mimic the clinical features of type II and III SMA children are needed, and creation of an intermediate SMA mouse model is important for the translational studies in the SMA field.
In this study, we describe the generation of intermediate SMA mice by a single 10 μg/g low-dose morpholino antisense oligomer PMO25 administration in the existing severe SMN2 Taiwanese transgenic mice. The treated SMA mice exhibited moderately extended survival and slightly improved but still defective neuromuscular pathology (Figs 1 and 2) . Skeletal muscle and NMJ pathologies of these mice showed intermediate features between the severe type I and the mild type III SMA mice (Fig. 2) . In these "intermediate" mice, the appearance of the SMA-related features occurred between 15 and 17 days of age, significantly delayed compared with the severe type I SMA mice, in which these features appeared as early as 7-8 days of life ( Fig. 2A and C) . One of the characteristic features of these "intermediate" SMA mice is that more than 60% mice presented hindlimb paralysis (Fig. 2B) . This phenotype has been previously reported by Hsieh-Li et al. (27) with only a 1/10 incidence in the type II-like SMA mice they described. However, it is rarely seen in the type I SMA mice and is never present in type III SMA mice in our laboratory. It is not clear why mice that were of an identical genotype, with two copies of the human SMN2 transgene, exhibited such variable severities with either severe type I or intermediate type II phenotypes (27) . A possible explanation could be that the original SMA-like mice reported by Hseih-Li were not on a fully congenic FVB/N background, when this model was originally established, while the strain used in our laboratory is congenic following continuous inbreeding. In order to characterize further the mechanism responsible for the hindlimb paralysis observed in the SMA mice, we performed detailed pathological studies of various hindlimb muscles and of the proprioceptive synapses in cervical and lumbar spinal cord. We found no difference in NMJ innervation between forelimb and hindlimb muscles at PND10 and PND20 ( Fig. 2D and G) . At PND10, prior to the onset of hindlimb paralysis, there was no difference in vGLUT1-positive synapses between cervical and lumbar spinal cord in single 10 μg/g PMO25 treated SMA mice and the heterozygous controls (Fig. 5D) . However, at PND20, significantly reduced numbers of vGLUT1-positive synapses were present in the lumbar spinal cord in single 10 μg/g PMO25 treated SMA mice (Fig. 5G) . We did not detect any severe denervation in the axial or distal skeletal muscles that we examined, in contrast to previous findings in the SMNΔ7 SMA mouse model (36) . It is possible that the hindlimb paralysis phenotype we have observed in the intermediate SMA mice is mouse strain-dependent, and may explain why it is dissimilar to the clinical feature observed in human SMA patients where proximal muscle groups are affected first.
A narrow therapeutic window has been previously observed in studies in the severe SMNΔ7 mouse model, for treatments including phosphorodiamidate morpholino oligomer (PMO) antisense and scAAV9-SMN viral gene therapy by ICV delivery (24, 28) . Porensky et al. (24) reported that while the ICV delivery of a therapeutic PMO can significantly increase the median survival of the severe SMNΔ7 mice from 15 to 112 days when treatment was commenced at PND0, the median survival was dramatically reduced to only 41 days when the injection was delayed to PND4. For scAAV9-SMN viral gene therapy treatment, a nearly complete rescue could be achieved when the same treatment was delivered at P2 but only 40% extension in survival was obtained when the treatment was delayed to P8 (28) . A narrow therapeutic window was also detected in the severe type I SMA mice of the SMN2 model for PMO25 treatment in our laboratory. While nearly 30-fold extension in survival could be achieved when 40 μg/g PMO25 was administered at PND 0, only 20% extension in survival was gained when the same dose was delivered at PND5 (unpublished data). We here show that there is more than 20% additional extension in survival when the second 10 μg/g low-dose PMO25 was delivered at PND10 to mice that had received their first 10 μg/g PMO25 at PND0 (Fig. 3 ). An even wider time window was observed when 40 μg/g high-dose PMO25 was delivered in mice following the first 10 μg/g PMO25 administered at PND0. An approximate 90% extension in survival was achieved when the boost 40 μg/g dose was delivered at PND15 (Fig. 3D) . This suggests that a wider therapeutic window may be expected in the milder type II and III SMA patients than in the severe type I SMA infants.
Our data also show that while a single bolus injection of high dose PMO25 at 40 μg/g at PND0 can increase the median survival over 200 days, regular systemic administration of PMO25 at doses as low as 10 μg/g initiated at PND0 achieved a similar efficacy on survival, improvement in neuromuscular pathology and early stage motor function (Figs 3-5) . The late onset distal tail necrosis observed in single bolus 40 μg/g high-dose PMO25 treated SMA at PND0 was completely suppressed in mice that received chronic low-dose administration systemically (Fig. 3) . This suggests that, at least in the mouse model, there is an advantage of the regular low-dose over the single bolus high-dose administration in the late complications of SMA. It also implies that peripheral restoration of SMN is required at the later stage in order to obtain protection from developing the phenotype in SMA mice.
SMN protein is ubiquitously expressed. While SMA is widely known as a lower motor neuron disease with spinal motor neurons being the primary pathological target, increasing numbers of clinical and experimental reports indicate the involvement of additional peripheral organs contributing to the pathogenesis of the disease, at least in severe cases (37) . In this study, by using the low-dose PMO generated intermediate SMA mice, we showed that peripheral SMN restoration is required in order to avoid the chronic disease progression. This is supported by a recent report from Krainer's group that restoration of SMN exclusively in peripheral tissues by ASO10-27 completely prevented distal necrosis in mild SMA mice and improved the survival in severe SMA mice (38) . While in some studies the liver has been proposed as the most likely candidate organ involved in disease progression in SMA (14, 38) , some clinical features indicate a vascular component. Indeed digital necrosis and distal vascular thrombosis, similar to the distal necrosis observed in mice, have also been reported in severe SMA infants (39, 40) . The underlying mechanism responsible for distal necrosis in SMA is still unknown.
Hypotheses include autonomic dysregulation, altered expression of angiogenic factors, inflammation and infection, primary or secondary microvascular abnormality. Further investigation on the mechanism of this phenotype is needed.
SMA is characterized by the loss of lower motor neurons and limb and trunk muscle paralysis. Recent studies using transgenic SMA mouse models have also indicated the involvement of spinal and neuromuscular circuitry in the pathogenesis of the disease (30, 33) . The functional impairment of sensory-motor connectivity is reflected by the reduced proprioceptive reflexes that correlate with decreased number and function of afferent synapses on motor neurons (33) . In a proportion of SMA patients, deep tendon reflexes and H reflexes have also been reported to be absent (40, 41) , and may occur prior to the loss of mobility in some severe patients (Muntoni, personal observation). Clinical-pathological and electrophysiological studies suggest that in the SMNΔ7 mouse model the functional deficit of motor neurons is more severe than the simple reduction of motor neuron numbers. Functional deficit occurs prior to the loss of motor neurons with the reduction of proprioceptive afferent synapses also preceding their loss (29) . Our data on the intermediate SMA mice are consistent with this finding, by showing that there was no difference in motor neuron number at PND 20 in SMA mice treated by either single 10 μg/g low-dose, two repeated 10 μg/g low-dose PMO25 or the unaffected heterozygous controls. Instead, a dramatic difference was detected in the integrity of proprioceptive afferent synapses on the lumbar motor neurons in the mice that had received different treatments, suggesting the functional defect of proprioceptive afferent in motor neurons in SMA mice that received only single dose PMO25 at 10 μg/g at PND0 (Fig. 6E-G) . In addition, we found a difference in proprioceptive afferent synapses in the mice that were given the second 10 μg/g low-dose PMO25 by the SC or ICV delivery route. Significantly higher numbers of proprioceptive synapses were present in the mice that received the second 10 μg/g PMO25 at PND5 by SC than by ICV injection (Fig. 6G) . This is consistent with our earlier finding that the second low-dose administration at PND5 by SC achieved a longer median survival (92.5 days) than via IVC injection (only 43 days) (Fig. 3A) . The incomplete efficacy of PMO administration following ICV administration could be due to either insufficient biodistribution of PMO along the spinal cord after the ICV injection in older SMA mice or a peripheral requirement for SMN restoration. Possible candidates for the peripheral involvement could be afferents from skeletal muscle spindles to spinal motor neurons, perisynaptic Schwann cells at NMJs and dorsal root ganglia (DRG). Perisynaptic Schwann cells and DRG are likely to benefit more from the peripheral rather than the exclusive CNS delivery of PMO. Indeed, there is increasing evidence of the importance of SMN in the development of DRG neurons and normal function of Schwann cells. In a zebrafish model of SMN deficiency, the majority of DRG neurons had abnormally short peripheral axons and many of them failed to divide and died (42) . A significant reduction in the number of proprioceptive DRG neurons was observed in SMNΔ7 mice compared with control littermates (30) . In the SMN deficient zebrafish model, Schwann cells failed to wrap axons tightly due to myelination defects (42) . Schwann cells isolated from SMA mice failed to express key myelin proteins following differentiation and had lower level of extracellular matrix protein such as laminin α2. These abnormalities result in myelination defects, delayed maturation of axo-glial interactions and abnormal composition of extracellular matrix in peripheral nerve (43) .
Our study suggests that the peripheral correction by systemic administration of AOs is important in the prevention of disease progression in the SMA mice. By using the low-dose PMO25 generated intermediate SMA mice, we provide compelling evidence that regular systemic administration of low-dose AO can provide functional benefit to the severe SMA mice, and restoration of SMN protein in peripheral tissues during the later stage of the disease may still provide therapeutic benefit.
Materials and Methods

Oligonucleotides
The morpholino antisense oligomer was synthesized by Gene Tools LLC with a signed agreement for research use. The morpholino was dissolved to standard concentration and stored according to the manufacturer's instructions. The sequence of PMO25 was described previously (17 (referred to as 'SMA-I'), and 50% heterozygous non-phenotypic control mice with genotype of (SMN2) 2 +/− ; Smn +/− (referred to as 'Het control'). The ICV and SC injections in SMA mice were performed as described previously (17) . Briefly, oligonucleotides were injected either subcutaneously into the upper back, or intracerebroventricularly using a 10 µl glass capillary (Drummond Scientific Company, Pennsylvania).
Righting ability
The spontaneous righting reflex was evaluated to estimate muscle strength of mice between PND2 and PND20. Mice were placed on their backs and the time (seconds) taken to reposition themselves with all four paws on the ground was recorded. The procedure was repeated three times for each animal, with at least 5 min recovery period between tests. The maximum recording time is 30 s. The data are expressed as the mean time to complete the righting response ± SEM.
RNA and protein analyses
Mouse tissues were homogenized using Precellys Homogenizer (Bertin Technologies) in RLT lysis buffer using RNeasy Mini Kit (Qiagen). Total RNA extraction and reverse-transcription were performed with methods described previously (17, 44) . Relative quantification of the ratio of full-length to Δ7 SMN2 transcripts was analysed by quantitative real-time PCR as described (17) . The expression of human SMN protein and β-tubulin was detected by western blotting, as described previously (17) . Probed membranes were detected using the LI-COR Odyssey Imaging System (Biosciences) and quantified by Odyssey Infrared Imaging System application software.
Skeletal muscle histopathology
TA muscles were dissected, embedded in optimal cutting temperature (OCT) (CellPath, UK) on corks and frozen in liquid nitrogen-cooled iso-pentane. Haematoxylin and eosin (H&E) staining was performed on representative 10 µm transverse cryosections. Approximately 500 myofibres from at least five different areas selected randomly from a representative section of each muscle were measured. The diameters and areas of myofibres were measured and quantified using Image J software (http://imagej.nih.gov/ij/).
Neuromuscular junction staining
TA, splenius capitis, biceps brachii and pectoralis muscles were dissected from mice and fixed in 4% paraformaldehyde on ice for 4 h. Whole muscles were incubated in blocking and permeabilizing buffer containing 5% goat serum and 1% Triton X-100 in PBS for 1 h. Muscle samples were then incubated in rabbit polyclonal anti neurofilament antibody (NF200, 1:100; Sigma) and synaptophysin antibody (1:200; Synaptic Systems, Germany) overnight at 4°C, washed and incubated in PBS buffer with Alexa Fluor 488 goat anti-rabbit IgG (1:500; Life Technology) and rhodamine-α-bungarotoxin (α-BT) (1:1000; Life Technology) overnight at 4°C. After thorough washing in PBS-Tween, muscle fibres were teased under a dissecting microscope and mounted using Hydromount mounting medium (National Diagnostics, England). A minimum of 100 NMJs from each muscle section were randomly selected and captured using confocal laser scanning microscopy (Carl Zeiss LSM-710, Germany) and Z-stacks program. The areas of synapse endplates were measured and quantified using Image J software.
Immunohistochemistry
The spine was dissected and fixed in 4% paraformaldehyde at 4°C for 4 h. The spinal cord was then isolated, rinsed in PBS and cryoprotected in 30% sucrose at 4°C for 3 days. The tissues were then embedded in OCT and frozen in liquid nitrogen-cooled iso-pentane. Ten micrometer transverse sections were cut from the lumbar spinal cord. Motor neurons in the spinal cord were stained using an antibody against ChAT (1:100; Millipore). Vesicular glutamine transporter 1 (VGluT1) positive synapses were stained using an antibody against VGluT1 (1:100; Millipore). Sections were imaged using confocal microscopy. Motor neurons and VGluT1-positive synapses were quantified from Z-stack images using image J software.
Statistical analysis
One-way ANOVA and post t-test were used to determine statistical significance. Results presented in this study are displayed as mean ± standard error of the mean (mean ± SEM). Kaplan-Meier survival curves were generated to analyse the survival data, followed by a log-rank test for statistical significance. GraphPad Prism 5.0 software was used for statistical analysis and graph design.
